ABSTRACT We studied the differentiation of North American squash bee (Apidae: Apiformes) populations by using geometric wing morphometry to evaluate hypotheses for the origin and possible expansion route of bees after the dispersal of their Cucurbita ßoral hosts. Two hypotheses consider the possible impact of early human cultures on the distribution of this mutualistic species complex: 1) the geographic range of the bees naturally expanded after the hypsithermal range expansion of the wild buffalo gourd, Cucurbita foetidissima Kunth; or 2) the bees shifted to mesophytic gourds of the C. pepo group at the Mexican Gulf coast and tracked the cultivation and/or trade by early human hunterÐ gatherer societies in the context of Þshing technology along stream valleys to northeastern America. We morphometrically measured 228 specimens of Peponapis pruinosa (Say) collected at 15 sites between Mississippi and Ontario, Canada. Twenty-three landmarks were taken from the right forewings. The resulting measurements were analyzed by multivariate statistics. Our results support the Þrst hypothesis of a western origin of North American squash bee populations and a mainly natural range expansion during the hypsithermal range expansion of the buffalo gourd.
Numerous archaeobotanical and more recent genetic studies have evaluated the geographic distributions of native cucurbits in North and Central America, seeking to identify the wild ancestor of the domesticated squash, Cucurbita pepo L. (Conard et al. 1984; Asch and Asch 1985; Ford 1985; Smith 1992 Smith , 1995 Wilson et al. 1992; Katzir et al. 2000; Decker-Walters et al. 2002; Sanjur et al. 2002) . None of these studies considered the essential contribution of native pollinators to sexual reproduction that was essential for the dispersal and resulting phylogeographic patterns of domesticated cucurbits. The current study is the Þrst step toward Þlling this gap by analyzing the differentiation of Peponapis pruinosa (Say) (Apidae: Apiformes) populations in North America by means of geometric morphometry.
Some squashes may produce enlarged ßowers and parthenocarpic fruit if not pollinated, but typically fruit set is depauperate or nonexistent (Skinner and Lovett 1992, Free 1993) . Squash bees are the natural oligolectic pollinators of wild native cucurbits.
The studies of Hurd and Linsley (1964 , 1966 , 1967a ,b, 1970 revealed that the squash bees, which only occur in the Americas, are represented by 20 species. These bees belong to the tribe Eucerini within the family Apidae (Michener 2000) . No further phylogenetic or population genetic data about the two genera are available. Linsley (1970, 1971) proposed that the original center of distribution of the squash bees coincided with the natural distribution of the genus Cucurbita in Mexico and Central America Linsley 1970, Hurd et al. 1971) .
The beesÕ evolutionary history has presumably been closely interrelated with that of their cucurbit hosts. There are two squash bee species with a transcontinental distribution in North America ( Fig. 1) : P. pruinosa and Xenoglossa strenua (Cresson). Today, both bees forage on the wild buffalo gourd, Cucurbita foetidissima Kunth, and/or the wild Cucurbita palmata (Watson) and Cucurbita digitata (Gray) (X. strenua) and the domestic squashes. The three wild Cucurbita species all belong to a xerophytic squash group. P. pruinosa arrived in Ontario, Canada, only in the past 30 Ð100 yr (Kevan et al. 1988, Willis and Kevan 1995) . Hurd and Linsley (1964) and Michener (2000) hypothesized that P. pruinosa exceeded its range (east from Kansas and Texas) only through use of domestic cucurbits. However, all recent archaeological and genetic studies suggest that there existed native Cucurbita even in eastern North America (Ford 1985; Smith 1992 Smith , 1995 . This raises doubt to whether P. pruinosa extended its range just recently or was an eastern colonizer much earlier.
The Þrst step to answer the question whether squash bees occurred in a deÞnite area at a given time is to check the archaeological records of cucurbits of that geographic region. The oldest records of cucurbits in the Midwest of North America are based on rind fragments that are Ϸ7,000 Ð5,500 yr old. These were recovered in west-central Illinois and Kentucky (Conard et al. 1984 , Smith 1992 . Asch and Asch (1985) speculated that the Cucurbita rind fragments recovered from 7,000 yr B.P. contexts in west central Illinois might reßect a postglacial eastward range extension of the ancestor populations of the present-day buffalo gourd, C. foetidissima ("Hypsithermal hypothesis," c.f. Fig. 1 ). However, a precise assignment to the C. pepo or C. foetidissma group is only possible by seed characters (Whitaker and Cutler 1986) , and no Cucurbita seeds have yet been recovered from secure "Middle Holocene" contexts earlier than 4,300 B.P. Strong evidence for an eastward and northward extension of the prairie belt at the expense of forest at 8,000 yr ago, with a maximum dryness 4,000 Ð7,700 yr ago, comes from the increased representation of prairie species in numerous pollen cores and from lake level data (Webb et al. 1983 (Webb et al. , 1993 Dean et al. 1996) . This scenario allows for an eastward range expansion (of gourds and bees) without anthropogenic inßuence.
To understand the possible movements of bee populations, it is necessary to analyze in detail all archaeological data and other information on the distribution of wild and domesticated cucurbits. The following paragraphs deal therefore mainly with the probable distributions, range expansions, and relationships of wild and early domesticated cucurbits.
The traditional morphological markers of cucurbit domestication (C. pepo) do not occur in the east until 4,500 Ð 4,300 B.P, at about the same time when sunßowers and marsh elder were domesticated (Smith 1995) . This is Ͼ1,000 yr later compared with the natural range extension of the buffalo gourd, C. foetidissima. However, the early gourds may have been used for Þshnet ßoats, bobbers, and small containers rather than for food (Fritz 1999) . Thus, the small-sized gourds dating back to 6,500Ϫ7,800 B.P. (from Illinois, Kentucky, and Tennessee) also may have been cultivated, but people probably imposed no selection on the small-sized wild gourds, used in Þshing, rather than being interested in developing large, ßeshy fruit and large edible seeds, as were characteristic of later domesticated varieties. Because no seeds were found from those early sites, it is not clear whether the "Middle Holocene" gourds in the Midwest belong to early cultivated C. pepo or hypsithermal C. foetidis-simaÑin other words, whether those gourds resulted from a range expansion of C. pepo or a range expansion of C. foetidissima. Naturally, these gourds did not occur syntopically, but they may have had a range overlap in Texas and perhaps also in the Missouri and Arkansas Ozarks (c.f. Fig. 1 ).
The mentioned range overlap of C. pepo and C. foetidissima could have fostered a host range extension by squash bees in theses areas. Another possible scenario could be a host extension to C. pepo at the Mexican Gulf Coast and points to the very early archaeological cucurbit data from Florida. There, C. pepo grew 12,500 yr ago and wild-sized seeds were found in archaeological sites dating from 4,000 B.P. to historical times (Newsom et al. 1993 ) (c.f. Fig. 1 ). These authors proposed a natural eastward dispersal of an early C. pepo ancestor around the Gulf Coastal Corridor from source areas in Mexico (by drift of the clockwise ßow of the Gulf Stream, annual ßoods, and large mammalian dispersers like the American mastodon).
Isozyme, intersimple sequence repeats, and chloroplast restriction fragment length polymorphism data all indicate that two lineages of domesticated taxa exist in the C. pepo complex (Wilson et al. 1992 , DeckerWalters et al. 1993 , Katzir et al. 2000 . The ancestor of the eastern squash lineage of C. pepo was discovered in the early 1990s growing deep in the Missouri and Arkansas Ozarks along streams and riversÑthe Mexican lineage of cultivated squashes (subsp. pepo) lacks an associated wild ancestor (Smith 1995) . The most recent study of a mitochondrial gene (Sanjur et al. 2002) revealed that C. pepo subsp. ovifera, C. pepo subsp. fraterna, C. pepo subsp. ovifera variety texana, and C. pepo subsp. ovifera variety ozarkana, consisting of one domesticated and three wild taxa, form one group and share the same haplotype. C. pepo subsp. fraterna is growing in Mexico. This fact implies that the ancestor of the eastern pepo lineage was probably once growing along the whole Mexican Gulf coast and in the south-central and southeastern states. Fritz (1999) also supposed that Floridians were growing a small-fruited C. pepo during most or all of "Late Holocene" time and that "people passed gourds northward from their native habitat on the Gulf Coastal Plain as part of a Þshing technology that spread as river systems stabilized." This hypothesis is supported by the fact that most archaic sites are located in river valleys where Þsh formed an important part of the diet, and where cordage is well preserved, indicating that Þshnets were in use (Delcourt and Delcourt 2004) .
Recently discovered fossil cucurbits from central Maine dating to 5,695 Ϯ 100 B.P. lie far beyond the range of modern free-living Cucurbita and beyond the known limit of late prehistoric/ethnohistoric aboriginal maizeÐ beansÐsquash horticulture in the Northeast. They suggest a very early trade of small, hard-walled, and buoyant cucurbits by ÞsherÐ hunterÐ gatherer societies (Petersen and Sidell 1996, Fritz 1999) . This prehistoric spread of cucurbits and their bees is a possible example of "invasional meltdown" (Simberloff and von Holle 1999)Ña positive interaction between species of previously restricted ranges that became more widespread because of human intervention (Delcourt and Delcourt 2004) . In this scenario, the bees must have broadened their choice of host plants to the mesophytic C. pepo-complex in the contact zone of C. foetidissima and the C. pepocomplex in Texas, or they always used both host plants. Hurd and Linsley (1970) suppose that the squash bee genus Peponapis must have originated and primarily evolved in a mesic environment in association with mesophytic Cucurbita, whereas Xenoglossa most likely originated and underwent much of its evolution in a xeric environment in association with xerophytic Cucurbita.
Thus, it is possible that species of the C. pepo complex were the original host plants of P. pruinosa. The central question concerning the historic and recent distribution of squash bees therefore is the question of time and kind of host extension. We suggest two alternative hypotheses.
Hypothesis 1. Host extension of squash bees on the C. pepo complex out of the hypsithermal extended eastern range of C. foetidissima without anthropogenic inßuence, which implies an immediate western origin of North American P. pruinosa populations.
Hypothesis 2. Host extension to the mesophytic C. pepo group at the Mexican Gulf Coast (or an original use of the C. pepo group) that then followed the northward trade and/or cultivation of gourds by early hunterÐ gatherer societies in the context of Þshing technology along the streams from the Gulf Coast to the Midwest and Northeast up to Maine.
In the current study, the two hypotheses are addressed by analyzing the geometric wing morphometry of a set of North American Peponapis bee populations. Further genetic studies (e.g., with ampliÞed fragment-length polymorphism markers) should not only distinguish between the temporally different possible range expansions but also recover the different centers of origin of squash bee populations.
Materials and Methods
Study Area and Sampling. The known distribution of P. pruinosa is mainly based on maps developed by Hurd and Linsley (1966) . Recent data of its current distribution are available only from Canada (Kevan et al. 1988) . The known distribution patterns of P. pruinosa and X. strenua with the range of the related host plants are mapped in Fig. 1 . We took samples from seven populations from four different states of the United States and one population in Canada in summer 2003 (Table 1 ). The samples from Virginia and Maryland were pooled in the analyses because the cooperating farmers collected only one to six specimens each from several locations lying close together at the border of Virginia and Maryland. Analyzes with such a few individuals would have been impossible. Voucher specimens have been deposited in the Hymenoptera collection of the Zoolo-gisches Forschungsmuseum Alexander Koenig in Bonn, Germany.
Morphometric Analyses. The morphometric analyses were based on measurements of the wing venation of the bees. Landmark coordinates were measured from digital images of the right forewing taken with a high-resolution camera Þtted to a microscope. Twentythree landmarks were digitized using the TPS software package (Rohlf and Marcus 1993; Rohlf 2004a,b) . Landmarks 22 and 23 represent the ruler endpoints to rescale size variations. The generalized Procrustes Analysis GPA (Rohlf 1990, Rohlf and Slice 1990) integrated into the program CoordGen (Sheets 2002 ) was used to remove nonshape variation by scaling all specimens to unit size, translating them to a common location and rotating them to their corresponding landmarks lined up as closely as possible (Fig. 2) . Integrated Morphometrics Package (MP) software version 6a was used for analysis of landmark-based geometric morphomometric data (Sheets 2002) . Because the number of independent variables exceeded the number of specimens in each group, we Þrst carried out a principal component analysis (PCA), and then we performed a canonical variance analysis (CVA) on a limited number of the PCA axis scores, by using the program CVAGen (Sheets 2002) . This program computes partial warp scores of the landmark coordinates to a common reference and then carries out a multivariate analysis of variance (MANOVA) followed by a CVA. Because the PCA scores are ordered by the amount of variance they explain, we could carry out CVA on the Þrst n PCA axis scores. We tested 10, 20, and 30 PCA axes to preserve 90 or 95% of the original variance in the data. A cluster analysis (unweighted pair-groups method centroid [UPGMC]) was used to generate a tree of dissimilarity. Statistical Coverage. A jacknife assignment was implemented to test the accuracy of the discriminate function. The basic idea is to assess the effect of each of the groups into which the data have been divided, not by the result for that group alone, but rather through the effect upon the body of data that results from omitting that group (Mosteller and Tukey 1977) .
An increasing number of individuals is randomly left out (10 Ð50%) and then run again through the analysis without giving its group classiÞcation ("unknown"). The unknown specimens are reassigned and the percentage of correct reassignment (to their original group) stands for the robustness of the CVA. The number of trials varied from 10 3 to 10 4 jacknife runs. Reassignment success is given in percentage values.
Relationship between Morphological Differentiation and Geographical Location. The relationship between morphological differentiation and geographical location of the populations was assessed by testing the correlation between morphological and geographical distance matrices. Morphological distances correspond to Mahalanobis distances (D 2 ). We considered geographical distances as straight-line distances between all pairs of sampling sites. A simple Mantel test was performed to test for pair wise relationships between the distance matrices. The test was based on 10 4 random permutations.
Results
Morphometric characters of wing venation were sufÞcient to group and separate the geographic populations. A MANOVA revealed signiÞcant differences between the different populations ( Table 2) . Depending on the number of chosen PCA axes, the CVA/ MANOVA revealed four distinct, signiÞcantly supported canonical variates between all tested state populations. Wilks represents the part of class-variation against total variation, where a Wilks close to 1 means that differences between groups are minor. The CVA using 10 PCA axes yielded the least Wilks values for the Þrst two coefÞcient of variation axes. In this case, the Þrst two axes explained 65 and 28% of variance, whereas the percentage of variance explained by the following axes was Ͻ10%. The classiÞcation rate of the originally grouped cases amounted to 92%. Furthermore, the use of 10 PCA axes for the CVA/MANOVA demonstrated the best reassignment to original populations (see below). The scatter plot of individual scores from the CVA is presented in Fig. 3 . According to the number of states the Þgure shows Þve different groups, whereof two (Canada and Utah) are clearly separated from all others. The populations of Connecticut, Virginia, and Mississippi could not be differentiated clearly in the two-dimensional Þgure. The populations from Virginia seem to be closer to the Canadian population than those from Connecticut and Mississippi.
To evaluate the stability of the estimates we carried out a jacknife assignment test for each CVA (grouped by state and grouped by single population, with 10 PCA axis and 30 PCA axis). The jacknife assignment of the different populations grouped by states resulted in a reassignment of 82 with 10% "unknowns" and 73 with 50% "unknowns" (10 3 trials). Figure 4 shows the scatter plot of individual scores from the CVA of male and female specimens grouped by single populations. Expectedly, the different populations from Utah cluster together, and again the Canadian population is visibly divided from the other populations. However, even the discrimination of single populations within Utah revealed a Wilks value of 0.0198 (df ϭ 114, P ϭ 0.0025) and still a reassignment success of 54% (Table 3). The lower reassignment success is caused by smaller geographic distances and smaller samples sizes of the single populations.
Results of UPGMC are presented in Fig. 5 . The population from Canada is more similar to the populations from Virginia than to the populations from Connecticut despite the closer geographical proximity of Canada and Connecticut. This result corresponds well to Fig. 3 . Nevertheless, geographic distances are well coded by dissimilarity in morphometric wing characters, as demonstrated by the Mantel test, which revealed a signiÞcant correlation between geographic and morphological distances (Mahalanobis distances) (r ϭ 0.677, P ϭ 0.0026). On the whole and over large scale distances, the morphological traits correlate well with the geographic distances, but there may occur aberrations from this correlation when any kind of barrier restrains the beeÕs movements. Additionally, it must be taken into consideration that the sample size of the population from Virginia was very small (and consisted of many single individuals from different locations), which made the discrimination of this population more difÞcult.
Discussion
Degree of Morphological Differentiation. We found a signiÞcant morphological differentiation between geographically discrete populations of P. pruinosa, showing that geometric wing morphometry is a powerful tool to separate these bee populations in North America. The approach was even successful in separating populations within one stateÑalthough the reassignment rate was lower (54%), caused by smaller sample sizes. The ability to differentiate bee populations solely by geometric wing morphometry was earlier shown by one of the authors who studied other solitary bee species, e.g., Colletes cunicularius (Schrö -der 2001) . Schrö derÕs study revealed a classiÞcation rate of 98% and a correct reassignment rate of 54%. Recently, the method of geometric morphometry was successfully applied to studies of ßies and beetles (De la Riva et al. 2001 , Garnier et al. 2005 . Garnier et al. (2005) used the method to clariÞed the phylogeographic history of a ground beetle (differentiation within two different glacial refuges and recolonization routes). They detected a clear congruence between morphological and genetical differentiation of populations, which demonstrated the suitability of the morphometric methods in phylogeographic studies. The authors used the shape of the aedeagus and the pronotum for their morphometric analyses. Del la Riva et al. (2001) used wing morphology to differentiate ßy populations in South America and reclaimed the morphometric analyses as a successful and less expensive tool in comparison with molecular methods.
Implications for Range Expansion Route of P. pruinosa. Because the genus Peponapis is predominately associated with mesophytic Cucurbita plants, and because its relation with xerophytic cucurbits seems to have come later, Peponapis (unlike Xenoglossa) presumably evolved from an ancestor of tropical or semitropical origin (Hurd and Linsley 1971) . The genetic analyses of the C. pepo group (Sanjur et al. 2002) extended the possible zone of domestication of C. pepo subsp. ovifera to northeastern Mexico, the natural habitat of C. fraterna. Therefore, Mexican populations of P. pruinosa may represent ancestral populations to North American squash bees.
Consequently, we rooted the dendrograms with potential populations from Mexico. The Þrst hypothesis assumes a colonization route from western squash bee populations in the course of the hypsithermal range expansion of their original host plant C. foetidissima. This is supported by our results (Fig. 6) . The distribution pattern of the supposed southwestern source populations of P. pruinosa through time depends on the distribution of their original host plant. The data on vegetation history of squashes coming from palaeoclimatic data, fossil records, ethnobotanical records from historic Indian tribes, and packrat analyses are summarized in Table 4 . Despite these partly contradictory records concerning the distribution of C. foetidissima in the Southwest during the last 10,000 yr, it seems that it was present in parts of the desert southwest for a long time. Thus, squash bees coming from Mexico may have switched to the xerophytic C. foetidissima in the southwestern United States and expanded their range during the hypsithermal range expansion of this gourd. During the "mid-Holocene," the bees probably extended their host range in using again mesophytic forms of the genus Cucurbita (pepo group) at the eastern edge of the buffalo gourd habitats.
The second hypothesisÑa possible colonization of what is today the northeastern United States by squash bees after the spread of C. pepo relatives from the Mexican Gulf coastÑwould require that the populations of P. pruinosa from Mississippi be closer to those of Utah. However, this is not supported by our data (compare Fig. 5 and 6 ), leading us to reject this hypothesis in favor of the Þrst hypothesis.
The occurrence of wild cucurbits in Florida in prehistoric and even historic times and the closer morphological relationship of the Peponapis populations from Mississippi to Connecticut Þrst poses the question of a possible migration of cucurbits and bees along the Atlantic coast. However, no fossil records are available for the southern Atlantic states (cf. Table 4 ). The only possibility of "post-Pleistocene" cucurbit (and bee) dispersal were river valleys, where indeed nearly all fossil records came from (Table 4) .
A dispersal along river valleys ßowing in to the Mexican Gulf implies an occurrence of C. pepo at the Mexican Gulf coast. Concerning this scenario, Newsom et al. (1993) proposed another possible natural way of cucurbit dispersal from Mexico to eastern North America. They envisioned small round gourds being deposited at the mouths of rivers along the Mexican coast and subsequently being transported eastward along the coast by drift and the clockwise ßow of the Gulf stream (Gunn and Dennis 1976) , to end up at the mouths of other river systems from present-day Texas to Florida. A distribution map provided by Nee (1990) for wild variety texana reveals a strong association with Gulf coastal regions. Once established in the lower basins of eastern rivers, the wild gourd could eventually "disperse" with annual ßoods and perhaps also with the aid of large mammalian dispersers (e.g., American mastodon), until their populations reached well up into the midwestern United States. However, it seems improbable that a distribution without human impact would have reached as far northeast as Pennsylvania or Maine. Above all, the main river systems drain into the Mexican Gulf and the dispersal direction would have been against the stream course. Apart from the "Late Pleistocene" mammals (Janzen and Martin 1982, Newsom et al. 1993) , no natural dispersers are discussed anywhere in the existing literature, especially for a bitter fruit. Therefore, we assume a dispersal of cucurbits with humans to the New England states, because the fossil sites in Maine dating 6,000 B.P. lie far beyond the range of modern free living Cucurbita and beyond the known limit of late prehistoric/ethnohistoric aboriginal maizeÐ beansÐsquash horticulture in the Northeast. The occurrence of prehistoric Þshing nets and the location of most of the archaic sites in the New England states in river valleys suggest a trade of small, hard-walled, and buoyant cucurbits by ÞsherÐ hunterÐ gatherer societies.
Our data on geometric wing morphometry of North American squash bee populations and the review of the archaeological and ethnobotanical literature both suggest a natural range expansion of P. pruinosa out of the habitats of C. foetidissima, starting during the "Mid-Holocene," when this gourd probably showed an eastern range expansion. We assume that mesophytic and xerophytic cucurbits occurred at the Mexican Gulf Coast since prehistoric times. Presumably, they were transported by the clockwise ßow of the Gulf stream to the North American Gulf Coast. The squash bees, which Þrst preferred mesophytic cucurbits of the C. pepo group extended their host plant use possibly to the xerophytic C. foetidissima and dispersed along the Mexican border, perhaps through the Rio Grande valley or other southwestern rivers draining into the Gulf coast to the western arid habitats of the United States. During the postglacial range expansion of C. foetidissima from 4.000 to 8.000 B.P., the bees followed their host and moved to the east. At any time, perhaps when climatic conditions became again more humid, the squash bees used again the mesophytic cucurbits in the eastern states. These mesophytic cucurbits partly came from natural populations in the Arkansas Ozarks and partly were transported along river valleys by early ÞsherÑ hunterÐ gatherer societies to the Northeast. The precise determination of the original source population of the squash bees in present eastern North America, and a more accurate time schedule requires further samples (especially from the midwestern states) of bee populations. We are currently working on an extending sampling across the continent and a population genetic study that will allow testing our results based on geometric wing morphometry.
